The systemic rotenone model of Parkinson's disease (PD) accurately replicates many aspects of the pathology of human PD and has provided insights into the pathogenesis of PD. The major limitation of the rotenone model has been its variability, both in terms of the percentage of animals that develop a clear-cut nigrostriatal lesion and the extent of that lesion. The goal here was to develop an improved and highly reproducible rotenone model of PD. In these studies, male Lewis rats in three age groups (3, 7 or 12-14 months) were administered rotenone (2.75 or 3.0 mg/kg/day) in a specialized vehicle by daily intraperitoneal injection. All rotenone-treated animals developed bradykinesia, postural instability, and/or rigidity, which were reversed by apomorphine, consistent with a lesion of the nigrostriatal dopamine system. Animals were sacrificed when the PD phenotype became debilitating. Rotenone treatment caused a 45% loss of tyrosine hydroxylase-positive substantia nigra neurons and a commensurate loss of striatal dopamine. Additionally, in rotenone-treated animals, α-synuclein and poly-ubiquitin positive aggregates were observed in dopamine neurons of the substantia nigra. In summary, this version of the rotenone model is highly reproducible and may provide an excellent tool to test new neuroprotective strategies.
Introduction
Neurodegenerative diseases are difficult to model in vitro and in vivo. While many models successfully reproduce certain features of the disease, their predictive value for neuroprotective interventions is uncertain, and the number of relevant outcome variables that can be assessed is limited. Therefore, there is a pressing need for improvement of current models and development of new models.
Parkinson's disease (PD) is the most common neurodegenerative movement disorder. It is characterized clinically by bradykinesia, resting tremor, rigidity and postural instability. Pathological features of PD include loss of dopamine neurons in the substantia nigra and the presence of Lewy bodies in surviving dopamine neurons (Forno, 1996) . Familial PD accounts for about 10% of cases, while 'sporadic' or 'idiopathic' PD accounts for the rest. While the causes of sporadic PD remain unknown, epidemiological studies suggest that exposures to pesticides, metals and solvents are contributing risk factors (Di Monte, 2001; Fall et al., 1999; Gash et al., 2008; Gorell et al., 1997 Gorell et al., , 1998 Hageman et al., 1999; Kuhn et al., 1998; Liou et al., 1997; Pezzoli et al., 1996; Semchuk et al., 1993) . In general, most sporadic cases are believed to stem from a combination of environmental exposures and individual genetic susceptibility.
Several useful animal models of PD exist, each with its own advantages and disadvantages. The ideal model, one that recapitulates all of the relevant clinical and pathological features of the disease and is predictive of successful neuroprotective regimens in humans does not yet exist. Nevertheless, the rotenone model of PD provides certain advantages in modeling the pathogenesis of PD (Betarbet et al., 2000) . In this model, systemic inhibition of mitochondrial complex I produces selective degeneration of the nigrostriatal dopamine system and reproduces key pathological features of clinical PD. Indeed, rotenone administration affects many of the pathogenic pathways including: oxidative stress, alphasynuclein phosphorylation and aggregation and Lewy pathology, DJ-1 acidification and translocation, proteasomal dysfunction and nigral iron accumulation (Betarbet et al., 2006) . While now several years old, the model is still relatively new compared to the rodent 6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP models), both of which are still undergoing refinement in an attempt to more closely model the clinical disease (Fleming et al., 2005; Ohashi et al., 2006; Rojo et al., 2006; Tadaiesky et al., 2008) . The main limitations of the rotenone model have been variability (i) in the percentage of animals that develop a nigrostriatal dopaminergic lesion, (ii) lesion magnitude, and (iii) lesion location and distribution within the striatum. Most commonly, rotenone has been delivered intravenously or subcutaneously, using osmotic pumps. However, chronic daily intraperitoneal injection of rotenone in a natural oil has been reported to elicit L-DOPA-responsive locomotor deficits and neurochemical abnormalities characteristic of PD (Alam and Schmidt, 2002, 2004) . In this regimen, mortality was high (Biehlmaier et al., 2007) and its histological features have not been described.
The goal of this study was to develop and characterize a reproducible, consistent rotenone model of PD. Here we present the
